This paper describes the performance of a Ku-band 5-bit monolithic phase shifter with metal semiconductor field effect transistor (MESFET) switches and the implementation of a ceramic packaged phase shifter for phase array antennas. Using compensation resistors reduced the insertion loss variation of the phase shifter. Measurement of the 5-bit phase shifter with a monolithic microwave integrated circuit demonstrated a phase error of less than 7.5° root-mean-square (RMS) and an insertion loss variation of less than 0.9 dB RMS for 13 to 15 GHz. For all 32 states of the developed 5-bit phase shifter, the insertion losses were 8.2 ± 1.4 dB, the input return losses were higher than 7.7 dB, and the output return losses were higher than 6.8 dB for 13 to 15 GHz. The chip size of the 5-bit monolithic phase shifter with a digital circuit for controlling all five bits was 2.35 mm × 1.65 mm. The packaged phase shifter demonstrated a phase error of less than 11.3° RMS, measured insertion losses of 12.2 ± 2.2 dB, and an insertion loss variation of 1.0 dB RMS for 13 to 15 GHz. For all 32 states, the input return losses were higher than 5.0 dB and the output return losses were higher than 6.2 dB for 13 to 15 GHz. The size of the packaged phase shifter was 7.20 mm × 6.20 mm.
I. INTRODUCTION
A phase shifter is a key component for phase-array active antenna systems. Monolithic implementation is advantageous for achieving small size, low cost, and high producibility. Conventional high-pass/low-pass phase shifters use field effect transistor (FET) switching between separate high-pass and low-pass filters [1] - [3] . A phase shifter using high-pass/lowpass filters can be made with a single circuit containing several switching elements. Depending on the states of the switching elements, the phase shifter behaves as either a high-pass or a low-pass filter [4] . To operate a high-pass/low-pass phase shifter, a digital circuit for FET switching is needed. The disadvantage of such phase shifters is that the insertion loss variation for some of the switching elements is too high in a low band operating frequency.
In this paper, we report a Ku-band 5-bit monolithic phase shifter that includes a digital circuit for controlling all five bits. Our phase shifter has two key features: it achieves a low phase error and low insertion loss variation for 13 to 15 GHz.
II. MONOLITHIC PHASE SHIFTER DESIGN FOR LOW INSERTION LOSS VARIATION
The 5-bit phase shifter described in this paper is comprised of 11.25°, 22.5°, 45°, 90°, and 180° phase shifters and was designed with an Agilent Libra simulator. Each of the five bit phase shifters consists of a cascaded series and shunt metal semiconductor field effect transistor (MESFET) switches, metal-insulator-metal capacitors, micro-striplines, and thin film resistors. The source and drain of the MESFET are used as the RF terminals, and the gate of the MESFET is used as the switching control terminal. We modeled the switching MESFET as a small series resistor for the on state and as a series capacitor and a large parallel resistor for the off state (Fig.  1) . The switching MESFET is in the on state when the gate voltage is + 0.6 V as the forward bias, and in the off state when the gate voltage is -3.5 V as the pinch-off. We designed the high-pass/low-pass operating phase shifter with several switching MESFETs. Figure 2 depicts a 45° phase shifter using the switching MESFETs. When a switching MESFET had a forward bias, it was modeled as a low resistor. When it had a reverse bias, it was modeled as a capacitor. The equivalent circuits of the 45° phase shifter using switching MESFETs are shown in Fig. 3 .
The schematic of 45° phase shifter.
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When the phase shifter without the compensation resistor operates as high-pass and low-pass filters, the relative phase and the insertion losses (ILs) can be expressed as follows: where φ represents the phase, subscript LPF the low-pass filter, and subscript HPF the high-pass filter.
where Z transfer is the transfer impedance, ω is 2π × frequency, and L 1 is the inductance of the micro-stripline.
where C is C 1 + C FET1 , C 1 is the capacitance of the MIM capacitor, C FET1 is the capacitance of the reverse-biased FET1, and L 2 is the inductance of the micro-stripline. Eqs. (2) and (3) reveal that the value of the insertion loss for the low-pass filter (IL LPF ) is inversely proportional to the value of the insertion loss for the high-pass filter (IL HPF ) for frequencies. The compensation resistors as intentional losses ( Fig. 3) were inserted between the input and the output of the phase shifter. In the case of the 45° phase shifter without compensation resistors, IL LPF was lower than IL HPF . Thus, when IL LPF < IL HPF , the compensation resistors behaved serially between the input and the output of the phase shifter ( Fig. 3) only when the phase shifter operated as a low-pass filter. As a result, the compensation resistors reduced the insertion loss variation of the phase shifter.
When the phase shifter with the compensation resistors, as shown in Fig. 3 , operates as high-pass and low-pass filters, the relative phase and the insertion losses can be simplified as follows:
where subscript R represents the case with the compensation resistors. (5) where R is the compensation resistance and C FET3 is the capacitance of the reverse-biased FET3. Comparing (2) with (5), IL LPF,R is higher than IL LPF . The insertion losses of the 45° phase shifters with and without compensation resistors were simulated as shown in Fig. 4 . The IL LPF, R of the circuit is higher than the IL LPF , but IL HPF,R is close Fig. 7 . The measured relative phase characteristics of the 5-bit monolithic phase shifter: (a) the relative phases for all 32states, (b) the measured relative phases compared with the ideal at 14.5 GHz, and (c) the phase errors for 13 to 15 GHz. to IL HPF . Thus, the insertion loss variation of the 45° phase shifter with compensation resistors is better than that without compensation resistors. Phase shifters with 11.25°, 22.5°, 90° and 180° were designed by the same method to achieve low insertion-loss variations. Figure 5 gives a block diagram and schematic of the 5-bit phase shifter with a digital circuit for controlling all five bits. The monolithic microwave integrated circuit (MMIC) was fabricated by the TriQuint TQTRX TM foundry using a 0.6 µm gate length GaAs MESFET process. Figure 6 is a photograph of the fabricated Ku-band 5-bit phase shifter MMIC. The 11.25°, 22.5°, 45°, 90° and 180° phase shifters are connected in a series. The chip size of the phase shifter including the digital circuit is 2.35 mm×1.65 mm.
III. KU-BAND 5-BIT MONOLITHIC PHASE SHIFTER PERFORMANCE
On-wafer measurements of the fabricated 5-bit monolithic phase shifter were performed with a HP8510C network analyzer for 13 to 15 GHz. Figure 7 shows the measured relative phase characteristics of the 5-bit monolithic phase shifter.
For all 32 states at 14.5GHz, the measured relative phases were in good agreement with the ideal ones as shown in Fig.  7(b) . The phase error was less than 7.5° root-mean-square (RMS) for 13 to 15 GHz (Fig. 7(c) ). At a frequency of 14.5 GHz, a phase error less than 2.9° RMS was obtained.
The measured insertion loss of the 5-bit monolithic phase shifter is shown in Fig. 8 . For 13 to 15 GHz, the insertion losses for all 32 states were 8.2 ± 1.4 dB and the insertion loss variation was less than 0.9 dB RMS. Figure 9 shows the measured input and output return losses of the 5-bit monolithic phase shifter. For all 32 states of the 5-bit phase shifter, the measured input and output return losses were higher than 7.7 dB and 6.8 dB, respectively, for 13 to 15 GHz. The measured relative phase characteristics of the packaged phase shifter are shown in Fig. 11 . The phase error was less than 11.3° RMS for 13 to 15 GHz. At a frequency of 14.5 GHz, a phase error of less than 6.8° RMS was obtained. The measured insertion loss of the packaged phase shifter is shown in Fig. 12 . For 13 to 15 GHz, the insertion losses for all 32 states were 12.2 ± 2.2 dB and the insertion loss variation was less than 1.0 dB RMS.
The measured input and output return losses of the packaged phase shifter are shown in Fig. 13 . For all 32 states of the 5-bit phase shifter, the measured input and output return losses were higher than 5.0 dB and 6.2 dB, respectively, for 13 to 15 GHz. 
V. CONCLUSION
We used compensation resistors to reduce the insertion loss variation of a Ku-band 5-bit phase shifter. The fabricated 5-bit monolithic phase shifter demonstrated a phase error of less than 7.5° RMS for 13 to 15 GHz. Insertion losses of 8.2 ± 1.4 dB and an insertion loss variation of less than 0.9 dB RMS were obtained for 13 to 15 GHz. The chip size of the phase shifter that included a digital circuit for controlling all five bits was 2.35 mm × 1.65 mm. The packaged 5-bit monolithic phase shifter showed a phase error of less than 6.8° RMS at a frequency of 14.5 GHz. Insertion losses of 12.2 ± 2.2 dB and an insertion loss variation of less than 1.0 dB RMS were obtained for 13 to 15 GHz. The size of the packaged phase shifter was 7.2 mm × 6.2 mm. The developed 5-bit monolithic phase shifter featuring a small chip size as well as good performance meets the needs for many applications for Kuband phased-array active antenna systems.
